Abstract: Standard theories for two-fluid flow in porous media assume capillary pressure to be in equilibrium. Numerical simulators often assume that equilibrium capillary pressure-saturation conditions are maintained as changes in fluid saturation are taking place. But recent theories indicate that capillary pressure is perhaps not only a function of saturation but also rate change, which is known as the dynamic effect. In order to investigate effects of the dynamic capillary pressure on fluid flow in tight gas reservoirs, standard theory and present novel pore-scale and Darcy-scale theoretical approaches that account for a dynamic capillary pressure were reviewed in this paper. A dynamic capillary pressure relationship was included in the mathematical and numerical schemes were proposed to simulate tight gas reservoir production, which allows one to identify previously unreported flow scenarios. The numerical schemes were also to modify the Gray and Hassanizadeh equation for infiltration to account for a capillary pressure that depends on the flow velocity. This study is of great benefit to finding out the flow law of tight gas reservoir and the subsequent work of exploitation.
INTRODUCTION
Over the past years, the study of multiphase flow has gained in interest, as it is involved in many field situations, such as unsaturated water flow in the subsurface, remediation of contaminated sites and two phase flow during reservoirs production. Capillarity plays an important role in a multiphase system, as it defines the distribution of the phases and thus the overall behavior of the system. Until today, an empirical relationship between capillary pressure and saturation, obtained by means of laboratory experiments carried out on soil samples, is used to describe capillary pressure. Many studies, especially in China, found that the capillary pressure is a function of the wetting phase pressure and the relationship between capillary pressure and saturation is unique [1] [2] [3] [4] [5] [6] [7] [8] . The equation is as following: p c = p n p w = f S w ( ) (1) However, this relationship assumes equilibrium in the distribution of the phases in the porous medium. This assumption is valid in cases where saturation varies slowly, however it may not be appropriate for application in faster processes. In such cases, dynamic effects may have an influence on the system. Different theories have been proposed for the inclusion of dynamic effects in the modeling of multiphase flow. A lot of studies found that the relationship between capillary pressure and saturation is not unique and the dynamic effect of capillary pressure exists in the unbalanced state while it does not exist in the equilibrium state [9] [10] [11] [12] [13] [14] [15] [16] . The dynamic capillary pressure refers to the capillary pressure relates to the variation rate of the wetting phase *Address correspondence to this author at the Research Institute of Petroleum Exploration & Development of CNPC, Beijing 100083, China; Tel: +86.01083592113; Fax: +86.01083592113; E-mail: jal@petrochina.com.cn saturation when the wetting-nowetting phase interface fails to reach to the state of equilibrium. The dynamic capillary pressure in unsteady state is larger than that in the equilibrium state or steady state during the process of unsteady experiment. Topp et al. (1967) found that the dynamic effect of capillary pressure (see Fig. 1 ) and the capillary pressure is bigger than the static capillary pressure under the same saturation when the displacement speed is larger [12] . Fig. (1) . The dynamic effect of the capillary pressure. Stauffer (1978) studied the dynamic effect of capillary pressure by displacement experiment. He revealed that the relationship between capillary pressure and saturation is not unique and the transient capillary pressure is greater than quasi static capillary pressure [17] . He also established empirical equations between capillary pressure and saturation [18] . confirmed that the equations proposed by Stauffer are correct [19] [20] [21] [22] . The new relationship between p c and S w introduces a so-called dynamic capillary pressure, and hypothesizes that the rate of change of saturation is a function of the difference between the dynamic capillary pressure and the static, or equilibrium, capillary pressure. Assuming that a linear relationship holds, one will have,
In Equation (2), stat c p is the static or equilibrium capillary pressure, taken to be the capillary pressure that is traditionally measured in equilibrium pressure cell tests, see for example Stephens (1995) ; s is a coefficient that we will call the "dynamic coefficient"; and p c dyn is the dynamic capillary pressure, defined as the difference between the volumeaveraged pressure in the nonwetting phase and that in the wetting phase, viz [23, 24] .
where the angular brackets imply volume averaging. Notice that the averaging procedure introduces a length (and time) scale, The dynamic coefficient may still be a function of saturation as well as fluids and solid properties. Stauffer (1978) has suggested the following scaling of the dynamic coefficient:
where, constant, which is equal to 0.1; porosity, fraction; μ w viscosity of the wetting phase, mPa·s; P e , factors of the relationship between capillary pressure and saturation in the Brook-Corey model; K-absolute permeability of the wetting phase, 10 -3 μm 2 ; w -density of the wetting phase, kg/m 3 , g-gravity acceleration, m/s 2 .
In the past work, Helge et al. (2005) consider some of the underlying physical mechanisms that give rise to this socalled dynamic effect. To do this, analyzed a simple bundleof-tubes model that represents the pore space of a porous medium (see Fig. 2 ). This model is analogous to the model of Bartley and Ruth (1999, 2001 ), who used a bundle-oftubes model to analyze dynamic effects in relative permeability, Bartley and Ruth (2001) also presented initial calculations on dynamic effects on the Pc-S relationship [25] . Fig. (2) . Bundle-of-tubes model. Wildenschild et al. (2001) found that the dynamic effect of capillary pressure is obvious in sandstones and the capillary pressure will be larger at faster displacement speed. While there is no dynamic effect of capillary pressure in fine grained sandstones [26] .
Previous studies show that there is a lack of study about dynamic capillary pressure in tight gas reservoir. Hence, it is necessary to analyze the dynamic capillary pressure through experiments and the influence on tight gas production since the dynamic capillary pressure is obvious in tight formation. In this paper, we aim at studying dynamic capillary pressure and its effects on tight gas reservoir production. First, we study the variation features of seepage resistance by mercury injection experiment. Second, we establish a mathematical model of two-phase flow which considers the dynamic capillary pressure in tight formation. Finally, the dynamic capillary pressure sensitive factors and the effects of dynamic capillary pressure on tight gas production flow are analyzed.
DYNAMIC CAPILLARY PRESSURE

Mercury Injection Experiment
We analyze the capillary pressure curves under different injection rate by conventional mercury injection experiment with cores of similar physical properties (see Fig. 3 ). We can see that the faster the mercury injection rate, the greater the capillary pressure will be. The capillary pressure differs not quite when the mercury injection time is 300 s and 600 s which indicates that the capillary pressure at the mercury injection time of 300 s can be approximated for static capillary pressure. We summarize the relationship between the throats radius and the differentials of dynamic and static capillary pressure based on a number of measurements of cores (see Fig. 4 ) and can see that the dynamic capillary pressure increases along with the reduction of permeability. The dynamic capillary pressure can be neglected when the permeability is more than 10 10 -3 μm 2 while it cannot be neglected when the permeability is less than 1 10 -3 μm 2 (ultra-low permeability reservoir). The dynamic capillary pressure is significant (more than 1MPa) when the permeability is less than 0.1 10 -3 μm 2 (tight gas reservoir). 
The Factor of Coefficient
First, we calculate the coefficient of ultra-low permeability reservoir (the parameters can be seen in Table 1 Table 2 . This indicates that the coefficient is very big in ultra-low permeability reservoir and that is the reason why the dynamic effect of capillary pressure is obvious.
Next, we analyze the dynamic capillary pressure and water saturation distributions under different coefficient . Where, the coefficient can be 10 7 , 10 8 , 10 9 kg/ (m·s), respectively.
In Fig. (5) , we see that the capillary pressure is more obvious when the coefficient is bigger. In Fig. (6) coefficient is bigger when the reservoir is tighter and the dynamic capillary pressure has a bigger resistance to water so that the dynamic capillary pressure hinders the flitting speed of nonwetting phase. 
THE MATHEMATICAL MODEL
By previous study, we can see that the dynamic effect of capillary pressure increases the seepage resistance and increases along with the increase of coefficient and the variation rate of water saturation. The dynamic capillary pressure depends on porosity and the absolute permeability of wetting phase which is determined by the microscopic pore structure of cores. The tighter the reservoir is, the more obvious the dynamic capillary pressure will be. So the dynamic capillary pressure needs to be considered when we establish a percolation model of two-phase in tight gas reservoir.
Considering fluid flow to a single well in tight gas reservoir, we assume that (1) the seepage of fluid is isothermal; (2) Darcy (laminar) flow; (3) a porous medium with negligible porosity or permeability changes; (4) no chemical reactions between fluid and solid; and (5) the capillary pressure is variable. Then we can establish a mathematical model of two-phase which considers the dynamic capillary pressure in tight gas reservoir.
The Conservation Equation
-• g V g ( ) + q g = g S g ( ) t -• w V w ( )+ q w = w S w ( ) t(5)
The Transport Equation
State equation:
dB g dp g = 1 p
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Capillary pressure:
Volume factor:
Relative permeability:
Density:
Viscosity:
Definite Condition
4. 2D NUMERICAL SIMULATIONS
Governing Equations and Discretized Formulation
The tight gas reservoir model includes two phases (gas and water) with fluid compressibility and capillary pressure. The conservation equations are nonlinear due to the strong nonlinear character of the relative permeability and dynamic capillary pressure relations, high compressiblity of gas, large density and viscosity difference. According to Eqs. (5) to (10) , the governing equations for the tight gas formulation are:
where the underlying fine grid, a cell (i,j) in a Cartesian grid is shown in (Figs. 7, 8 ). Fig. (7) . Discreted grid block. Divide the formation into a set of rectangular block center cells (Nx in horizontal direction and N y in longitudinal direction). x=0 is left boundary, x end =N x is right boundary, y=0 is lower boundary, and y end =N y is upper boundary. x i , y j is the coordinate of cell ( x i , y j ). x i±1⁄2 , y j±1⁄2 is the coordinate of cell (i, j). x 0 , x m+1 is the mirror of x 1 and x m respectively. y 0 , y n+1 is the mirror of y 1 and y n , respectively. Assuming a set of cells length is x 1 , x 2 , … x m ; y 1 , y 2 , … y n , the coordinates are obtained;
The following semi-discrete form of the governing equations are obtained:
Where, ij q is inner boundary, the equation of the well location is,
When not well location, the equation is:
Where, the equivalent radius r e 0.14 x 2 + y 2 , x, y is the length of well located cell.
The outer boundary conditions are; Table 4 shows basic reservoir properties.
Parameters
Physical Properties
Relative Permeability and Static Capillary Pressure
The relative permeability and static capillary pressure used in the 2D numerical simulation is shown in (Figs. 9, 10) . Fig. (9) . Gas water relative permeability curve. Fig. (10) . Capillary pressure curve. Table 5 provides the high-pressure physical property of natural gas. 
High-pressure Physical Property of Natural Gas
RESULTS AND DISCUSSION
To illustrate the effects of dynamic capillary pressure on tight gas reservoir production, several synthetic production data have been generated using the above 2D numerical simulation. Assuming 3 scenarios of gas production rates (5000 m 3 /d, 10000 m 3 /d, and 15000 m 3 /d), Figs. (11) (12) (13) (14) (15) (16) are pressure distributions in reservoir at the end of stable production period considering static capillary pressure and dynamic capillary pressure. It is seen that the pressure in reservoir at the end of stable production period is bigger considering static capillary pressure than that considering dynamic capillary pressure. From the feature of these Figs, degree of pressure decrease is higher due to dynamic capillary pressure increasing pressure depletion.
Figs. (17, 18) show the influence of dynamic capillary pressure on stable production period and gas reservoir recovery efficiency. The stable production period of gas reservoir considering static capillary pressure is longer than that considering dynamic capillary pressure. And the gas reservoir recovery efficiency is higher than that considering dynamic capillary pressure. And not only that, when the gas production rate is higher, effects of dynamic capillary pressure on stable production period and gas reservoir recovery efficiency are more obvious.
CONCLUSION
(1) The dynamic capillary pressure is obvious in ultra-low permeability reservoir, especially in tight gas reservoir. According to Eq. 2, we find the coefficient is 10 11 ~ 10 13 kg/ (m·s), which is very bigger than 10 4 ~ 10 7 kg/ (m·s), which is calculated by predecessors, when the reservoir is tighter (the permeability is less than 1 10
). The coefficient and the variation rate of water saturation influence the dynamic capillary pressure. When the coefficient or the injection rate is bigger, the dynamic effect of capillary pressure will be more obvious.
(2) The mathematical model of two-phase flow in tight gas reservoir was established, and the effects of the dynamic capillary pressure on tight gas production were investigated through 2D numerical simulation.
(3) The dynamic capillary pressure makes the pressure depletion more significant, the stable production period Fig. (17) . The stable production period affected by capillary pressure dynamic effect when different daily gas production. Fig. (18) . The gas reservoir recovery efficiency affected by capillary pressure dynamic effect when different daily gas production.
shorter, and the gas reservoir recovery efficiency lower. The larger gas production rate is, the more significant effects of dynamic capillary pressure, due to the great variation rate of water saturation.
This study is of great benefit to finding out the two phase fluid law of tight gas reservoir and the subsequent work of exploitation.
